We use the Arecibo Legacy Fast ALFA (ALFALFA) 21cm survey to measure the number density of galaxies as a function of their rotational velocity, V rot,HI (as inferred from the width of their 21cm emission line). Based on the measured velocity function we statistically connect galaxies with their host halos, via abundance matching. In a ΛCDM cosmology, dwarf galaxies are expected to be hosted by halos that are significantly more massive than indicated by the measured galactic velocity; if smaller halos were allowed to host galaxies, then ALFALFA should be measuring a much larger galactic number density. We then seek observational verification of this predicted trend, by analyzing the kinematics of a literature sample of gas-rich dwarf galaxies. We find that galaxies with V rot,HI 25 km s −1 are kinematically incompatible with their predicted ΛCDM host halos, in the sense that hosts are too massive to be accommodated within the measured galactic rotation curves. This issue is analogous to the "too big to fail" problem faced by the bright satellites of the Milky Way, but here it concerns extreme dwarf galaxies in the field. Consequently, solutions based on satellite-specific processes are not applicable in this context. Our result confirms the findings of previous studies based on optical survey data, and addresses a number of observational systematics present in these works. Furthermore, we point out the assumptions and uncertainties that could strongly affect our conclusions. We show that the two most important among them -namely baryonic effects on the abundances of halos and on the rotation curves of halos-do not seem capable of resolving the reported discrepancy (at least when considered individually).
Introduction
The ΛCDM cosmological paradigm has been extremely successful in reproducing the observed expansion history and largescale structure of the universe. Remarkably, sub-percent accuracy measurements of the cosmic microwave background and few percent measurements of the large scale distribution of galaxies have yielded no evidence for deviations from the "standard" cosmological model (Planck Collaboration et al. 2013; Samushia et al. 2013) . However, testing ΛCDM on galactic and subgalactic scales is considerably more difficult (both from an observational and a theoretical point of view), and several potential discrepancies between theoretical predictions of ΛCDM and observations have been pointed out in the literature.
Perhaps the most widely known and most investigated issue is the "missing satellites" problem. It refers to the large discrepancy between the number of low-mass subhalos expected within a Milky Way (MW)-sized halo and the number of actual MW satellites observed (Klypin et al. 1999; Moore et al. 1999) . Similar discrepancies have been discovered in the field in various contexts, e.g. related to the paucity of low-mass galaxies in voids ("void phenomenon"; Peebles 2001) , the sizes of mini-voids in the Local Volume (Tikhonov & Klypin 2009 ), or the slowly rising galaxy velocity function (Zwaan et al. 2010; Papastergis et al. 2011; Klypin et al. 2014 ). All these issues are different aspects of the same "overabundance" problem, whereby ΛCDM predicts a quickly rising number of halos with decreasing halo mass, while the number of low-mass galaxies increases much more slowly.
Unfortunately, the cosmological interpretation of overabundance issues is ambiguous: For example, it is not clear whether the missing satellites problem signals a failure of ΛCDM on small scales, or if it implies that most MW subhalos remain dark and therefore undetectable. In fact, there are a number of internal baryonic processes (such as supernova and radiation pressure feedback; e.g. Governato et al. 2010; Trujillo-Gomez et al. 2013 ) and environmental mechanisms (such as photoionization feedback, tidal and ram-pressure stripping, etc.; e.g Okamoto et al. 2008; Arraki et al. 2014; Zolotov et al. 2012; Collins et al. 2013; Kravtsov et al. 2004 ) that are expected to inhibit the formation of galaxies in the smallest MW subhalos. Low-mass halos in the field would also be affected by internal baryonic processes, resulting in galaxies that are faint and therefore hard to detect in surveys (e.g. proposed solution to the void phenomenon by Tinker & Conroy 2009) . Even the potential challenges based on galactic rotational velocities (Tikhonov & Klypin 2009; Zwaan et al. 2010; Papastergis et al. 2011; Klypin et al. 2014 ) are subject to baryonic complications, related to the shape of the rotation curve of dwarf galaxies.
Even though number counts of low-mass galaxies do not provide a stringent test of ΛCDM by themselves, they provide the basis for a different challenge that is much more difficult to resolve. Boylan-Kolchin et al. (2011) first identified the potential issue in the context of the MW satellites, and dubbed it the "too big to fail" problem (TBTF): Given the low number of ob-A&A proofs: manuscript no. TBTF_field.arXiv2 served MW satellites, galaxy formation should be restricted to the few most massive subhalos of the MW. However, according to dark matter (DM)-only simulations (Aquarius simulation; Springel et al. 2008) , the likely hosts are too dense to be compatible with the measured kinematics of the MW satellites (Fig. 2 in Boylan-Kolchin et al. 2012) .
Despite its theoretical appeal, the TBTF problem as stated above has its own weak points as a test of ΛCDM. For example, it relies on observations of the satellites of just one galaxy, the MW. In addition, actual MW satellites are expected to be affected by environmental effects more strongly than their DM-only counterparts. These considerations highlight the importance of assessing whether a similar issue is also present beyond the context of the MW. Recently, Tollerud et al. (2014) showed that the satellites of the Andromeda galaxy (M31) also face a TBTF problem. Based on statistical arguments, Rodríguez-Puebla et al. (2013) further suggested that the TBTF problem should be generically present for MW-sized galaxies. Most importantly however, the work of Ferrero et al. (2012) showed that an analogous issue may be present for dwarf galaxies in the field 1 . They argued that, based on the number density of galaxies measured by the Sloan Digital Sky Survey (e.g. Baldry et al. 2008; Li & White 2009) , virtually all galaxies in a ΛCDM universe should be hosted by halos with M vir 10 10 M ⊙ . However, the rotation curves of many lowmass dwarfs indicate that they are hosted by halos below this expected mass "threshold". The result of Ferrero et al. (2012) is also supported by the very recent work of Kirby et al. (2014) and Garrison-Kimmel et al. (2014) , who show that the TBTF problem is present for non-satellite galaxies in the Local Group, as well.
In this work, we perform a similar analysis to that of Ferrero et al. (2012) , but we use a highly complementary observational dataset: the sample of galaxies detected by the Arecibo Legacy Fast ALFA (ALFALFA) survey in the emission line of atomic hydrogen (HI). This allows us to address a range of observational and theoretical uncertainties present in earlier works, which are all based on optically-selected samples. For example, the current optical census of low-mass galaxies in the nearby universe is incomplete, because optical surveys are biased against low surface brightness objects. In addition, galaxies have so far been statistically connected to halos based on their measured stellar masses. However, recent observational evidence (Garrison-Kimmel et al. 2014) suggests that this approach may not be valid in the low-mass regime.
The present article is organized as follows: in Sec. 2 2 we describe the measurement of the galactic velocity function from the ALFALFA survey. Details regarding the measurement process can be found in Appendix A. In the same section we also describe the abundance matching (AM) procedure used for connecting galaxies to their host halos. In Sec. 3 we present a sample of galaxies with resolved HI kinematics drawn from the literature, and we describe how we use their measured rotation curves to test the derived AM relation. The main result of this work is presented in §3.3; readers with limited available time may choose to refer directly to this paragraph. In Section 4 we elaborate on the importance of our findings in the context of smallscale tests of ΛCDM. In the same section we also point out the main uncertainties and assumptions that can have a significant impact on the results of this work. Lastly, we end with a brief summary in Sec. 5.
Connecting observed galaxies with their host DM halos

Measuring the velocity function of galaxies
We measure galaxy rotational velocities using data from the publicly available catalog of the ALFALFA survey, which covers about 40% of the final survey area ("α.40" catalog; Haynes et al. 2011) . Since ALFALFA is a spectroscopic survey, each α.40 source has a measured spectrum of its HI line emission. Figure 1 illustrates how velocity widths, W 50 , are measured from each source's lineprofile. The velocity width reflects the range of speeds at which atomic gas moves within the galactic potential (up to a projection on the line-of-sight), and therefore contains important information about the galactic kinematics. The top panel of Figure 2 show the number density of galaxies as a function of their velocity width, as measured from the ALFALFA sample (blue datapoints). This distribution is referred to as the velocity width function (WF) of galaxies, and details on its calculation can be found in Appendix A. Note that the measurement of the WF shown here refers to galaxies with HI masses of M HI ≥ 10 7 M ⊙ . Note also that velocity widths have been corrected for Doppler broadening as W = W 50 /(1+z ⊙ ). The dotted blue line in the same panel is an analytical fit to the WF, of the modified Schechter functional form:
The best fit parameters are log(n * ) = −1.68 ± 0.20 h 3 70 Mpc −3 dex −1 , log(W * ) = 2.52 ± 0.076 km s −1 , α = −0.45 ± 0.24 and β = 2.39 ± 0.50. We would like to stress that the quoted errors on the parameters do not include systematic uncertainties. We would also like to note that the fit parameters are highly covariant, such that varying each of them independently within its 1σ range does not always produce an acceptable fit.
The WF has the distinct advantage of measuring the distribution of velocity width, W, which is a direct observable for an HI-line survey. At the same time however, W is measured in projection on the line-of-sight, and therefore does not correspond to any intrinsic galactic property. A more physically meaningful quantity can be derived from the inclination-corrected velocity width: if the inclination angle of a galaxy is i, we can define a measure of galactic rotational velocity as
Given the fact that all ALFALFA galaxies used in this work have assigned optical counterparts, we can indeed obtain estimates of V rot for each object individually. In particular, we use the SDSS counterpart's photometric axial ratio, b/a, to estimate galactic inclinations through the expression:
2 Note that the contents and layout of this section follow closely the published article of Papastergis et al. (2011) . However, the measurement of the velocity function presented here is based on a more up-todate ALFALFA catalog , and the abundance matching procedure is carried out in a more rigorous way. E. Papastergis et al.: Is there a "too big to fail" problem in the field? Fig. 1 . HI-line profiles for three representative ALFALFA sources, spanning a large range in velocity width, W 50 . The subscript 50 refers to the fact that the width is measured between the two outermost points where the flux density falls to 50% of the peak value (red vertical lines). The left panel shows a MW analog with a typical "double horned" profile, indicative of a mostly flat outer rotation curve. The central panel shows a dwarf galaxy with a "boxy" profile shape. The right panel shows an extreme dwarf galaxy with a clearly "single-peaked" profile, suggestive of a rising rotation curve. Keep in mind that narrow profiles can also correspond to intrinsically high-width objects that are oriented close to face-on. Also note that the velocity span of the x-axis in all three panels is the same (1800 km s −1 ), and so profile widths are plotted to scale.
Here, q 0 = 0.13 is the assumed value of intrinsic axial ratio of galaxies viewed edge-on (Giovanelli et al. 1994) . Then, the value of V rot for each galaxy can be easily computed via Eqn. 2, and the galactic number density as a function of V rot can be measured according to Eqn. A.2. The resulting distribution is called the velocity function of galaxies (VF), and is shown in the bottom panel of Figure 2 . Note that low-inclination galaxies with sin i < 2/3 were excluded from the measurement, in order to avoid making large inclination corrections. This restriction excludes about a quarter of the sample from the calculation (1657 out of 6770 galaxies), which we compensate for by uniformly increasing the normalization of the VF by the appropriate factor (6770/5113 ≈ 1.324). The green dashed line in the bottom panel of Fig. 2 is a modified Schechter fit to the measured VF (Eqn. 1). The best fit parameters are log(n * ) = −1.17 ± 0.25 h 3 70 Mpc −3 dex −1 , log(V * ) = 2.04 ± 0.18 km s −1 , α = 0.14 ± 0.41 and β = 1.46 ± 0.37. We would like to stress again that the plotted errors on the VF datapoints do not include systematic uncertainties, and therefore neither do the quoted errors on the fit parameters. Also note that we exclude from the fit the lowest velocity bin, whose very low value may be an effect of measurement incompleteness.
Velocity abundance matching
Both the galactic VF and WF have been used extensively in the literature to test ΛCDM on galactic scales (Obreschkow et al. 2009; Zavala et al. 2009; Zwaan et al. 2010; Papastergis et al. 2011; Trujillo-Gomez et al. 2011; Obreschkow et al. 2013; Schneider et al. 2014; Klypin et al. 2014) . In particular, ΛCDM makes a concrete prediction for the halo velocity function (HVF), i.e. the number density of halos as a function of their maximum rotational velocity, V h . As long as a theoretical model exists to compute the HI rotational velocity (or velocity width) of a galaxy inhabiting a given DM halo, one can make a prediction for the galactic VF that ought to be observed. In fact, semi-analytic and semi-empirical models have been relatively successful in reproducing the observed galactic VF at intermediate and high velocities, within the context of ΛCDM cosmology (Obreschkow et al. 2009 (Obreschkow et al. , 2013 Trujillo-Gomez et al. 2011) . However, theoretical predictions consistently overestimate the observed number density of dwarf galaxies with V rot 60 − 80 km s −1 (Zavala et al. 2009; Trujillo-Gomez et al. 2011; Schneider et al. 2014) . This is true even for more refined models based on hydrodynamic simulations, which have trouble reproducing observations at low velocities as well (see e.g. Sawala et al. 2013, Fig. 10) .
In view of the difficulties faced by theoretical models in reproducing the observed VF of galaxies, we take here a more conservative approach: we use the galactic VF measured by AL-FALFA to infer the expected relation between V rot and V h in a ΛCDM universe. This can be achieved with the statistical technique of abundance matching (AM). AM can be used under the assumption that galaxies of larger V rot are hosted on average by halos with larger V h (see discussion in §4.3). We can then derive a quantitative V h (V rot ) relation by matching the cumulative number densities of galaxies and halos, i.e. by demanding that
where the right hand side includes also the contribution of subhalos. The dashed black line in Figure 3 shows the cumulative halo velocity function, n h (> V h ), of the BolshoiP ΛCDM simulation (Hess et al. in prep.) . The BolshoiP simulation assumes a Planck 1st-year cosmology (Planck Collaboration et al. 2013) , and therefore predicts a higher normalization for the halo velocity function (HVF) than its WMAP7 predecessor (Bolshoi simulation; Klypin et al. 2011) . The dotted green line in Fig. 3 shows instead the cumulative VF of ALFALFA galaxies. It is calculated by integrating the fit to the differential galaxy VF (i.e. the dotted green line in the bottom panel of Fig. 2) . Note that the HVF in a ΛCDM universe is significantly steeper than the observed galactic VF, which is the reason why theoretical models generically overpredict the number of low velocity galaxies.
Before we can proceed with the abundance matching procedure, we need to address two complications: Firstly, massive halos with M vir 2 × 10 13 M ⊙ are usually not the hosts of individual galaxies, but rather of galactic groups or clusters. We therefore calculate a differential "galactic" HVF as Mpc −3 dex −1 , log(V * ) = 2.04 ± 0.18 km s −1 , α = 0.14 ± 0.41 and β = 1.46 ± 0.37.
The factor above is used to suppress the high-velocity end of the HVF, and provides an approximate match with the results of Shankar et al. (2006) and Rodríguez-Puebla et al. (2011) . The cumulative version of the "galactic" HVF is shown as a thick black solid line in Fig. 3 .
The second complication stems from the fact that blindlyselected HI samples have a bias against gas-poor, early-type galaxies. This can be seen directly by placing ALFALFA detections on a color-magnitude diagram (Huang et al. 2012, Fig. 10 ), but also indirectly by measuring the clustering properties of ALFALFA galaxies (Papastergis et al. 2013, Fig. 13 ). To compensate for this effect we consider the work of Bernardi et al. (2010) , who have used SDSS spectra to measure stellar velocity dispersions for galaxies of different morphological types. The red filled region in Fig. 3 shows the cumulative VF for early-type ). The solid black line corresponds to the "galactic" HVF, which excludes massive halos that are unlikely to host individual galaxies (see Eqn. 5). The dotted green line shows the cumulative VF of ALFALFA galaxies. The red shaded region represents the VF of early-type galaxies, measured from SDSS data (Bernardi et al. 2010) . The solid green line represents the VF of galaxies of all morphological types, obtained from the sum of the ALFALFA and early-type VFs.
galaxies, according to their results. Here we use two empirical relations to transform the SDSS-based velocity dispersions into equivalent rotational velocities: Eqn. 3 in Baes et al. (2003) and Eqn. 2 in Ferrarese (2002) (with the parameters appropriate for elliptical galaxies as given in their Table 2 ). The plotted range of the early-type VF reflects the difference between the two relations, and illustrates the typical (small) uncertainty associated with such transformations. Lastly, the thick solid green line in Fig. 3 represents the cumulative VF for all galaxies, irrespective of type. It is obtained from the sum of the ALFALFA VF and the VF of early-type objects measured by Bernardi et al. Note that the measurement of Bernardi et al. is restricted to velocities 100 km s −1 ; the procedure above, therefore, implicitly assumes that the HI-selected ALFALFA sample provides a complete census of lower velocity galaxies (but see §4.2 for a discussion).
We can now go ahead and derive the average V rot -V h relation expected in a ΛCDM universe, which we show as a thick blue line in Figure 4 . This relation is obtained by matching the cumulative number densities of "galactic" halos and galaxies of all types, i.e. the black & green solid lines in Fig. 3 . Figure 4 shows that at intermediate and high velocities V rot is larger than V h , reaching maximum ratios of V rot /V h ≈ 1.4. Ratios larger than unity can be achieved when there is a large baryonic contribution to the galactic rotation curve (RC), which leads to a substantial boost to the rotational velocity (see e.g. Trujillo-Gomez et al. 2011, Fig. 5) . Keep in mind however, that the exact behavior of the AM relation at velocities V rot 250 km s −1 is relatively uncertain. For example, the dashed blue line in Fig. 4 shows the result when all halos (dashed black line in Fig. 3 ) are included in the AM procedure instead. Moreover, the addition of a modest amount of scatter to the idealized Eqn. 4 will also affect the high-velocity end of the relation.
Most importantly however, the relation displays a remarkable "downturn" at low velocities, whereby the V rot of dwarf galaxies is predicted to underestimate significantly the V h of Article number, page 4 of 16 E. Papastergis et al.: Is there a "too big to fail" problem in the field? . The blue line is the average relation between the galactic HI rotational velocity (V rot ) and the maximum circular velocity of the host halo (V h ), in a ΛCDM universe. This relation is obtained by abundance matching (AM), i.e. by matching the cumulative velocity distributions of all galaxies and "galactic" halos (see Fig. 3 ). The dashed blue line is the AM result when galaxies are matched to all halos. The dashed black line is a reference one-to-one line. Note the marked "downturn" of the relation at low velocities: it is needed to reconcile the steeply rising HVF predicted by ΛCDM with the much shallower galactic VF measured by ALFALFA.
their hosts. This effect is expected to become more pronounced as the measured HI velocity decreases: for example, galaxies with V rot = 15 − 20 km s −1 are expected to reside in halos with V h ≈ 40 − 45 km s −1 . This behavior has a simple and intuitive explanation: if halos with V h < 40 km s −1 were allowed to host galaxies that are detectable by ALFALFA, then the galactic number density in a ΛCDM universe would be much larger than observed (refer to Fig. 3 ). Note that the discussion above does not change even in the presence of scatter in the V rot -V h relation, because scatter does not affect the AM result at the low end 3 .
Internal kinematics of dwarf galaxies
Data sample
In this section we aim to place individual galaxies on the V rot -V h diagram shown in Fig. 4 , in order to test observationally the relation predicted by ΛCDM. Ideally one would like to place on the diagram the same objects that went into calculating the galactic VF; this would ensure that the AM relation is derived using the same objects that are used for testing it. Unfortunately however, the data provided by ALFALFA are not sufficient to accomplish this task. In particular, even though ALFALFA data can be used to derive values of V rot (in conjunction with optical inclinations), they do not contain enough information to constrain V h . We therefore use instead an extensive sample of galaxies with interferometric HI observations, gathered from the literature. In particular, we use 12 galaxies from Sanders (1996) , 30 galaxies from Verheijen & Sancisi (2001) , 19 galaxies from the The HI Nearby Galaxy Survey (THINGS; de Blok et al. 2008; Oh et al. 2011a ), 54 galaxies from the Westerbork HI Survey of Spiral and Irregular Galaxies (WHISP; Swaters et al. 2009 Swaters et al. , 2011 , 12 galaxies from the Local Volume HI Survey (LVHIS; Kirby et al. 2012 ), 5 galaxies from Trachternach et al. (2009) , 4 galaxies from Côté et al. (2000) , 28 galaxies from the Faint Irregular Galaxies GMRT Survey (FIGGS; Begum et al. 2008a,b) , 17 galaxies from the LITTLE THINGS survey (Hunter et al. 2012; Oh et al., in prep.) , 11 galaxies from the SHIELD survey (Cannon et al. 2011) , and the recently discovered galaxy Leo P (Bernstein-Cooper et al. 2014 ).
The sample of individual objects assembled above is inhomogeneous, but spans an impressive range of observed rotational velocities: from > 300 km s −1 for galaxy UGC2885 in the Sanders (1996) sample to ≈ 12 km s −1 for galaxy KK44 in the FIGGS sample. This means that the kinematics of galaxies of very different sizes are modeled to different levels of detail. For example, most of the spiral galaxies in the THINGS sample analyzed by de Blok et al. (2008) have RCs of exquisite resolution, and mass models constrained by multiwavelength data. On the other hand, the velocity fields of the extremely lowmass SHIELD galaxies are significantly harder to model, and only outermost-measured-point velocity estimates are available for them at present. Note that the objects in the literature sample do not share the same selection rules as the α.40 sample; for example, some of the galaxies with interferometric observations have D < 7 Mpc or M HI < 10 7 M ⊙ . Keep also in mind that all galaxies have been observed as part of targeted HI interferometric campaigns. As a result, almost all galaxies are relatively gas-rich and fairly isolated; this means that the vast majority of the objects are field galaxies. Figure 5 illustrates the process used to place galaxies on the V rot -V h diagram. We use three galaxies as examples, taken from the Swaters et al. (2011) sample: UGC7577, UGC7323 and UGC8490. Their RCs are shown in the top panel of Fig. 5 with red, green & blue symbols respectively. For each galaxy, the last measured point (LMP) of its RC is marked with a bold symbol; this is the only datapoint used in this work to constrain V h .
Kinematic analysis
The grey lines correspond to the RCs of a set of DM halos with masses that are monotonically increasing from bottom to top. The DM halos are assumed to have an NFW mass profile (Navarro et al. 1997 ) of the form
R s and ρ 0 are the scale radius and scale density, respectively. In practice, halos are more often described in terms of virial quantities: in this work we define the virial radius, R vir , at a density contrast of 104 with respect to the critical density 4 (i.e. R vir = R 104c ). Then we can define the virial velocity as the circular velocity of the halo at the virial radius, V vir = V(R vir ), and the concentration parameter as c = R vir /R s . Therefore V vir and c describe respec-A&A proofs: manuscript no. TBTF_field.arXiv2 Three representative rotation curves (RCs) from the literature sample of galaxies with interferometric HI observations (red: UGC7577, green: UGC7323; blue: UGC8490). The grey solid lines show the RCs of increasingly more massive NFW halos (from bottom to top). The concentration parameter for each halo is the median concentration expected for its mass in a Planck cosmology (Dutton & Macciò 2014) . The three thick grey lines show the most massive NFW halos that are compatible with the last measured point of each galaxy's RC (large colored symbols), to within 1σ. Note that, for each galaxy, only the last measured point of the RC is used for the analysis in this work. The peak velocity for each of these three halos is the value of V h assigned to the corresponding galaxy. The colored horizontal marks denote the value of V rot for each galaxy, inferred from their inclination-corrected linewidths (see Eqn. 2). bottom panel: Small circles show the placement of UGC7577, UGC7323 and UGC8490 on the V rot -V h diagram, according to the procedure outlined in the top panel. The large diamonds show their positions after a correction is applied to account for the cosmic baryon fraction (see text for details).
tively "how massive" and "how dense" a halo is. The RC of an NFW halo can now be written as
4 This is the density contrast value corresponding to a Planck cosmology at z = 0, according to the spherical collapse model (Mainini et al. 2003) . Other definitions of the virial radius are also commonly used, for example referring to a density contrast of 200 with respect to the critical density (R 200c ) or with respect to the cosmic matter density (R 200m ). Note that the analysis in this work does not depend on which virial definition is adopted. This is because all relevant quantities related to DM halos, namely V h and the halo RC, are physical and therefore independent of the virial definition. Virial quantities are merely a convenient way to parametrize the halo RC and the mass-concentration relation.
where x = R/R vir is the normalized radius. Each of the three thick grey lines in the top panel of Fig.  5 corresponds to the most massive halo that is compatible with the velocity measured at the LMP for each of the three example galaxies, to within the 1σ velocity error. The peak RC amplitude for each of these three halos is the value of V h assigned to the corresponding galaxy. Note that for most objects the maximum halo velocity is reached beyond the extent of the galaxy's RC; for example, the RC of UGC7323 extends to R = 5.9 kpc, but its host halo achieves its maximum velocity of 117.1 km s −1 at R = 32.9 kpc.
The three colored horizontal marks in the same panel represent instead the values of V rot for each example galaxy. V rot values are computed according to Eqn. 2, based on the observed width of the galactic lineprofile, W, and the galaxy inclination, i. The profile widths of galaxies in our literature sample can be obtained from either their interferometric or previous single-dish observations. Their inclinations, i, can be derived in a variety of ways, depending on the data quality: When the galactic velocity field is well resolved, the inclination can be measured by modeling the observed kinematics. When this is not possible, one can use the axial ratio of the spatially resolved HI emission to infer the inclination of the gaseous disk. If neither method is practical, the photometric axial ratio of the optical counterpart can be used instead (as per Eqn. 3). In general, kinematic inclinations and inclinations based on the HI axial ratio are thought to be more accurate than optical ones (Kirby et al. 2012; Verheijen & Sancisi 2001) .
The small circles in the bottom panel of Fig. 5 show the positions of the three example galaxies on the V rot -V h diagram, based on the procedure described above. Note that for a fixed value of V rot , galaxies with a more extended RC can place a more stringent constraint on V h . This is immediately obvious by comparing the position of galaxies UGC8490 and UGC7323 on the V rot -V h diagram, and noting the extent of their RCs in the top panel of Fig. 5 .
Let us now point out two complications related to the procedure described above: First, the AM result (blue line in Fig.  4 ) refers to V h values for the halos in the BolshoiP simulation, where the total matter content of the universe (Ω m = Ω DM +Ω bar ) is treated as a dissipationless fluid. This means that, if f bar ≈ 0.15 is the cosmic baryon fraction, a realistic halo would have a factor of (1 − f bar ) less DM mass than its corresponding BolshoiP halo. The rest of the mass would be in the form of baryons, part of which will end up in the galactic disk in the form of stars or gas. As a result, one would ideally want to subtract the contribution of baryonic components from a galaxy's RC, before using it to constrain the host halo mass. However, here we do not attempt to calculate baryon-subtracted RCs; we make instead the conservative assumption that the RCs of all galaxies in our sample are fully attributable to DM. We therefore simply increase the derived value of V h by a factor of (1 − f bar ) −1/3 , in order to reflect the higher DM content of the simulation (the 1/3 exponent follows from the M vir ∝ V 3 h scaling for DM halos). The new positions of the three example galaxies in the V rot -V h diagram are marked in the bottom panel of Fig. 5 with large diamonds. Note that these new V h estimates are overly conservative in the case of large spiral galaxies, whose RCs have a sizable contribution from baryons. However, the rescaled V h values are fairly realistic for dwarf galaxies, which are typically DM-dominated (e.g. Papastergis et al. 2012; Sawala et al. 2013) .
Second, as one can realize from inspection of Eqn. 7, it is not possible to determine a unique value for V h given only one point of the galactic RC. The reason is that the RCs of NFW halos are a two-parameter family: one can find a wide range of compatible halos, simply by adjusting the values of V vir and c. In this work, we fix c to the median value as a function of halo mass, as expected in a Planck cosmology (Table 3 in Dutton & Macciò 2014) .
In principle, one could use the whole RC of a galaxy to simultaneously fit for V h and c. In fact, such an analysis is available for several galaxies in our sample (de Blok et al. 2008; Oh et al. 2011a; Swaters et al. 2011 ). However, fitted NFW profiles to the RCs of dwarf galaxies are consistently found to have unphysically low concentration parameters. This reflects the fact that the inner velocity profiles of dwarf galaxies are not well described by the NFW profile (Oh et al. 2011a,b) . Recently, hydrodynamic simulations have shown that the inner DM profiles of halos can be affected by baryonic feedback processes, and can be substantially different from the profiles found in DM-only simulations (e.g. Governato et al. 2010 ). This baryonic effect on the RC becomes gradually weaker as one considers larger radii, which has motivated our analysis based on the LMP velocity alone. Nonetheless, the effect is still present at radii of 2 − 3 kpc (e.g. Di Cintio et al. 2013 Cintio et al. , 2014 , which means that it cannot be entirely ignored for most of the extreme dwarf galaxies in our sample. In §4.4 we discuss how this complication affects the kinematic analysis described in this section. Figure 6 shows the placement on the V rot -V h diagram of all the 194 galaxies with literature HI rotation curves. Note that 12 galaxies have "duplicate" entries in more than one of the samples listed in §3.1; in these cases, we generally plot the observation corresponding to the most extended RC (taking data quality into consideration as well). All datapoints are marked as upper limits because their V h has been corrected for the cosmic baryon fraction in a conservative fashion.
Results
The Figure shows that over most of the range in HI rotational velocity, 30 km s −1 V rot 300 km s −1 , the AM relation is consistent with the upper limits obtained from individual galaxies. Most importantly though, the situation changes at the lowest velocities probed: For example, when one considers galaxies with V rot < 25 km s −1 , all but three of the upper limits are inconsistent with the AM relation. We have verified that this result holds even if we substitute median concentration halos in our kinematic analysis with 2σ under-concentrated ones. The inconsistency arises because the AM relation predicts fairly massive hosts for the lowest-velocity galaxies in our sample; however, such massive halos would exceed the velocity measured at the LMP for these objects. A different way of phrasing the inconsistency is that, if halos with V h 30 km s −1 were allowed to host the lowest-velocity galaxies in our sample (as the galactic kinematics indicate), then their number density in a ΛCDM universe would be much higher than what observed by ALFALFA.
Before we proceed with a discussion of the scientific relevance of this result, we would like to point out a number of subtleties related to the positioning of objects on the V rot -V h diagram:
First, the RCs of DM halos described by Eqn. 7 (and shown in Fig. 5 ) represent the halo circular velocity at each radius, which reflects the enclosed dynamical mass. However, the gas in actual galaxies undergoes some turbulent motion in addition to rotation, with typical amplitudes of 8 − 10 km s −1 . As a result, observed RCs should be corrected for pressure support before being compared to theoretical halo RCs. These corrections are most important for the lowest velocity galaxies in our sample, where ordered rotation and turbulent motion have similar amplitudes. Pressure support corrections have been performed in the original sources for the galaxies in the THINGS, LITTLE THINGS, FIGGS and Côté et al. (2000) samples, as well as for LeoP. On the other hand, no corrections have been originally applied to the galaxies in the WHISP and SHIELD samples. For galaxies in these two samples we apply a crude pressure support correction to their LMP, V LMP → V 2 LMP + 2σ 2 , assuming σ = 8 km s −1 . The correction increases the LMP velocity somewhat, and therefore results in a slightly higher value of V h .
Second, galactic RCs have been checked for their quality, to the extent allowed by the material published in each original reference. In cases where the velocity for the originally published outermost radius was deemed unreliable, we adopted a measurement at a smaller radius as our LMP. Even though this process is highly subjective, any truncation of the original RC is conservative for the purposes of this work (see §3.2). Note also that for the extreme dwarf galaxies of the FIGGS, LITTLE THINGS and SHIELD samples no quality control was performed, since the only available data were LMP radii and velocities.
Third, Fig. 6 gives no information regarding the observational errors associated with the placement of each galaxy on the V rot -V h diagram. Unfortunately, quantifying rigorously the errors on both V rot and V h for each galaxy is difficult. For example, the error on V rot is determined by the measurement error on the velocity width and the uncertainty on the adopted inclination value. These errors are not always quoted in the original references. Typical values for the former are a few km s −1 , while values for the latter depend on the method used to determine the inclination (≈ 5
• for kinematic inclinations of good quality, larger in other cases). Note that for low inclination galaxies a small error in inclination can translate into a fairly large error on V rot . Also note that it is difficult to quantify the systematic component of the inclination uncertainty, especially when different methods are used for different objects.
Errors on V h are even harder to quantify: They depend on the error with which the LMP velocity and radius are measured. The LMP velocity error is mostly dependent on the inclination uncertainty (discussed above). Keep in mind however that if the velocity field is asymmetric, or if there are significant non-circular motions, systematic uncertainties arise that are difficult to quantify. The LMP radius, on the other hand, is affected by distance uncertainties; this is because the conversion from an angular extent on the sky to physical units (kpc) is distance-dependent. The uncertainty on the distance varies a lot form object to object: some galaxies in our sample have accurate primary distances (e.g. TRGB), while others have lower accuracy distances based on flow models or even pure Hubble flow.
In general, errors on inclination affect both V rot and V h , and so they tend to move a galaxy roughly diagonally on the V rot -V h diagram. On the other hand, errors on the distance affect V h only, and cause galaxies to move horizontally on the diagram.
Discussion
The TBTF issue was first identified in the MW system, as an incompatibility between the measured kinematics of the brightest MW satellites and the kinematics of their expected host subhalos in ΛCDM simulations (Boylan-Kolchin et al. 2011 ). However, a number of possible solutions to the MW TBTF problem within the ΛCDM model have been identified, thus disputing the cosmological significance of the discrepancy. 
Fig. 6. main figure:
The blue line is the average V rot -V h relation in a ΛCDM universe, inferred from abundance matching (same as in Fig. 4 ).
The colored points represent a sample of 194 galaxies with interferometric HI observations, drawn from the literature. Their V rot and V h values are computed as described in Fig. 5 . All points are drawn as upper limits, because we make the conservative assumption that the contribution of baryons to the galactic RC is negligible for all galaxies. Note that at very low velocities (V rot < 25 km s −1 ) all but three of the upper limits are inconsistent with the AM relation. This situation is analogous to the "too big to fail" problem faced by the bright satellites of the MW, but here is seen for galaxies in the field. inset panel: A zoom-in on the low-velocity region of the diagram, on linear axes. the mass of the MW halo is M vir < 1 × 10 12 M ⊙ then the TBTF problem would likely not occur. This is because the typical masses of the largest subhalos scale sensitively with the mass of the host halo. A MW mass in this range is on the low side of observational estimates (e.g. Watkins et al. 2010) , and is lower than typically assumed in DM simulations of MW analogs. Another solution can come from considering the cosmic variance associated with observations of a single object. Purcell & Zentner (2012) have argued that the TBTF problem is expected to occur in at least 10% of MW-sized halos just due to halo-to-halo variation in the subhalo population.
The plausibility of the two solutions above has since been put into question, because the TBTF problem is likely present in the satellite populations of galaxies other than the MW. For example, Tollerud et al. (2014) finds that the TBTF problem is also present in the satellite system of the Andromeda galaxy (M31). This finding weakens the "light" MW argument, because it is unlikely that both the MW and Andromeda are hosted by halos with M vir < 1 × 10 12 M ⊙ (van der Marel et al. 2012) . It also weakens the cosmic variance argument, because it is improbable that both the MW and M31 are outliers in terms of their subhalo populations. In addition, Rodríguez-Puebla et al. (2013) find based on statistical considerations that the MW satellites are a fairly typical population for a galaxy of this size.
Nonetheless, a different potential solution to the TBTF has been put forward by Zolotov et al. (2012) , which is generically applicable to the satellite population of any MW-sized halo. This solution is related to baryonic effects that had not been taken into account in the original TBTF formulation. In particular, Zolotov et al. argue that internal feedback processes in low-mass halos (e.g. gas blowout due to star formation) will lead to the formation of low-density "cores" in their inner DM profiles. This fact, in conjunction with the presence of a stellar disk in the MW, will lead to significantly enhanced tidal stripping of subhalos compared to the DM-only case. As a result, a significant amount of mass can be removed from the central parts of subhalos, leading to velocity profiles that are consistent with measurements (see Fig. 3 in Brooks & Zolotov 2014) . This baryonic solution to the TBTF problem has been regarded as a generic and robust way to resolve the discrepancy. However, the proposed mechanism relies on processes that are specific to satellite galaxies; this is why establishing whether the TBTF problem is also present for field galaxies has important scientific implications.
The first evidence for a positive answer came from the work of Ferrero et al. (2012) . In particular, they used the stellar mass function (SMF) of galaxies to infer an M * -M h relation in a ΛCDM universe, via the technique of abundance matching. They then showed that the rotation curves of gas-rich galaxies with low stellar masses (M * 10 7 M ⊙ ) cannot accommodate host halos as massive as expected in ΛCDM (see their Fig. 3 ). The present work confirms the results of Ferrero et al., and at the same time addresses a number of systematic uncertainties present in their analysis. First, the SMF measured by current wide-area optical surveys, such as the SDSS, suffers from surface brightness incompleteness at low stellar masses (M * 3 × 10 8 M ⊙ ; see Fig. 6 in Baldry et al. 2008) . As a result, the low-mass end of the SMF could be much steeper than the measured one, in which case the discrepancy reported by Ferrero et al. could be significantly alleviated or perhaps resolved (see Ferrero et al. 2012 , Fig. 4 ). In the contrary, the measurement of the galactic VF from the ALFALFA HI-selected sample does not share the same surface brightness incompleteness; in fact, low surface brightness galaxies in the field are expected to be gas-rich, and therefore easily detectable by ALFALFA. Barring therefore the presence of a dominant population of low surface brightness and gas-poor galaxies in the field, the present estimates for the number density of low-mass galaxies seem robust (see also §4.2).
In addition, the AM procedure in Ferrero et al. is performed on the basis of stellar mass, as is the case in all previous works assessing the TBTF problem (Boylan-Kolchin et al. 2011; Tollerud et al. 2014; Garrison-Kimmel et al. 2014 ). This implicitly assumes that there is a monotonic relation between M * and M h (or V h ). However, Garrison-Kimmel et al. (2014) find that the stellar masses of LG galaxies with M * 10 8 M ⊙ show very little correlation with their inferred V h (see their Fig. 12) . By contrast, the data of individual galaxies plotted in Fig. 6 seem to justify the velocity-based AM procedure used in this work. In particular, the datapoints show a clear monotonic trend between V rot and V h , down to the lowest velocities probed. In addition, V rot values at fixed V h show a well-behaved and relatively low scatter 5 of 0.1 dex. Lastly, most of the extremely low-velocity HI rotation curves analyzed by Ferrero et al. belong to galaxies in the FIGGS sample. This means that their results regarding the low-velocity end are susceptible to systematics or selection effects that are specific to this one sample. In this work we have significantly increased the number of extreme dwarf galaxies, by adding objects from the SHIELD and LITTLE THINGS projects. Reassuringly, Figure 6 shows no discernible differences among the various dwarf samples.
Apart from the observational factors mentioned in §3.3, a number of other uncertainties and assumptions may affect the analysis performed this work. In the remainder of this section we consider in detail several such issues, and we show that they do not have a large impact on our main conclusions (at least when considered individually).
Measurement uncertainties on the galactic VF?
An accurate determination of the galactic VF is of great importance in the context of Fig. 6 : in particular, the measured number density of galaxies with low velocities determines the exact behavior of the V rot -V h AM relation at the low-velocity end.
In Figure 7 we illustrate how uncertainties on the measurement of the VF can impact the analysis in this article: The blue shaded region in the top panel of the Figure shows the statistical uncertainty in the measurement of the ALFALFA VF. More specifically, the plotted range in the cumulative VF is derived from the 1σ parameter range of the modified Schechter fit to the differential ALFALFA VF (see Fig. 2 ).
We also plot in the same panel two recent literature determinations of the galactic VF, in order to illustrate the systematics affecting the measurement. The cyan line represents the result obtained by the HI Parkes All Sky Survey (HIPASS), which is a blind, wide-area 21cm survey that predated ALFALFA (Zwaan et al. 2010 ). The red line shows instead the distribution measured within the Local Volume by Klypin et al. (2014) . The measurement is based on a nearly volume-complete catalog of galaxies within D < 10 Mpc (Karachentsev et al. 2013) , and so it also includes gas-poor systems that may be missing from an HI-selected sample. 5 The scatter value mentioned here is calculated by eye, as 1/4 of the V rot range encompassing most upper limits at fixed V h (excluding outliers). The bottom panel of Figure 7 shows the resulting V rot -V h relations obtained from each of the cumulative VFs plotted in the upper panel. As we can clearly see by comparing the results of ALFALFA and HIPASS, differences in the normalization of the VF lead to horizontal shifts in the inferred V rot -V h relation. Moreover, differences in the measured low-velocity slope of the VF affect the sharpness of the relation's "downturn". This is evident by comparing the ALFALFA and Local Volume results. Overall, however, the bottom panel demonstrates that random and systematic observational uncertainties on the inferred V rot -V h relation do not seem to strongly affect the conclusions reached in §3.3.
Low-velocity gas-poor galaxies?
The ALFALFA VF is not a complete census of galaxies in the universe, since objects with M HI < 10 7 M ⊙ are not included in the measurement. As shown in §2.2, HI selection can complicate the measurement of the VF at the high-velocity end, where massive early-type galaxies dominate (see also extensive discus-A&A proofs: manuscript no. TBTF_field.arXiv2 The blue dotted, dashed and dash-dotted lines represent three relations for the "HI-selection" factor, f HI (V rot ), each accounting for progressively more low-velocity systems that are undetectable by ALFALFA due to their low HI mass (Eqns. 9 -11). bottom panel: The blue dotted, dashed and dash-dotted lines are the average V rot -V h relations for the corresponding f HI (V rot ) relations shown in the top panel. Our fiducial relation is also plotted for reference, with a thick solid blue line (same as in Fig. 4) . The grey symbols represent our sample of galaxies with HI rotation curves, same as in Fig. 6 . sion in Obreschkow et al. 2013) . Similarly, we expect that HI selection will exclude a portion of the galactic population at low velocities, as well. Some of the excluded objects will be gaspoor early-type dwarfs, which are usually found in dense environments or as satellites of larger hosts (e.g. Geha et al. 2012 ). This population is not expected to be large, since the vast majority of dwarf galaxies correspond to star-forming systems with late-type morphologies (e.g. Karachentsev et al. 2013 , Fig. 11 ; Baldry et al. 2012 , Fig. 15 ). At the same time however, some fraction of late-type objects will also be excluded, simply because galaxies with low V rot tend to have low gas masses. In order to explore this effect, we introduce here an "HIselection" factor, f HI (V rot ): it represents the fraction of galaxies at a given rotational velocity that are accounted for in the AL-FALFA VF. We parametrize f HI (V rot ) with the following analytical form:
The equation above describes a power-law with exponent α at low velocities, that transitions to a constant value of f HI,0 at high velocities. The parameterṼ determines the location of the transition, while γ controls its sharpness.
Since it is hard to constrain f HI (V rot ) observationally, we consider three cases that correspond to progressively larger populations of gas-poor galaxies at low velocities. They correspond to the following set of [ f HI,0 ,Ṽ, α, γ] parameters: 
They are shown respectively with a dotted, dashed, and dashdotted blue line in the top panel of Fig. 8 . The bottom panel of Fig. 8 shows instead the V rot -V h relations that correspond to each choice of f HI (same linestyle coding). To derive each of the three AM relations, we have first boosted the differential ALFALFA VF by the corresponding HI-selection factor, f HI (V rot ) −1 × n(V rot ). For reference we also show with a thick solid blue line our fiducial V rot -V h relation (same as in Fig. 4) . Figure 8 shows that in all cases the main conclusion drawn from Fig. 6 does not change. This is true even for f
HI , which predicts that 68% of the galaxies at the lowest V rot values should have too little HI to be included in the ALFALFA sample.
Stochastic galaxy formation?
The derivation of the V rot -V h relation shown in Fig. 4 rests on two fundamental assumptions inherent in the AM process: (i) that each (sub)halo hosts a detectable galaxy and (ii) that the average relation between V rot and V h is monotonic. However, it is difficult to assess observationally whether these two assumptions are valid, especially at the mass scales of extreme dwarf galaxies.
In a recent article, Sawala et al. (2014) have explored this issue by means of hydrodynamical simulations. They find that DM-only halos with V h 70 km s −1 have larger total masses than their counterparts in more realistic simulations incorporating baryonic physics; they attribute this mass difference to the loss of baryonic material by moderately low-mass halos. Interestingly, they also find that among halos with V h 25 km s −1 only a small fraction host a detectable stellar component in the hydrodynamic run. This steep decrease in galaxy formation efficiency for the lowest-mass halos is due to the effects of cosmic reionization. Based on these findings they argue that AM results based on DM-only simulations are not accurate at low velocities.
In order to address these concerns, we re-derive here an average V rot -V h relation taking into account the baryonic effects described above. In particular, we use the cumulative HVF of halos that host a stellar counterpart in the hydrodynamic simulations of Sawala et al. (2014) . The hydrodynamic HVF is shown as a dotted black line in the top panel of Fig. 9 : as expected, it deviates from the HVF of a DM-only simulation (solid black line in the same panel) at V h 70 km s −1 , and then flattens out at V h 25 km s −1 . We then match the hydrodynamical HVF with the measured galactic VF measured by ALFALFA (green solid line in top panel). The dotted blue line in the bottom panel of Fig. 9 shows the result: even in the hydrodynamical case, the V rot -V h relation is not very different from the DM-only relation. This is because the number of halos exceeds the number of galaxies already at V h ≈ 35 km s −1 , in a regime where reionization is not yet effective (see top panel). As a result, the discrepancy between the AM relation and the internal kinematics of low-velocity dwarfs seems to persist, even when baryonic effects on the 
Fig. 9. top panel:
The green line is the VF of all galaxies, as measured by ALFALFA (same as in Fig. 3 ). The green dashed line assumes an incompleteness of the ALFALFA VF at low velocities, parameterized as f
HI (V rot ) (see §4.2). The solid black line represents the VF of halos in the DM-only BolshoiP simulation (also same as in Fig. 3 ). The dotted black line corresponds to the HVF of halos hosting a stellar counterpart, according to the results of the hydrodynamical simulations of Sawala et al. (2014) . The flattening of the hydrodynamical HVF at velocities 25 km s −1 is due to the suppression of galaxy formation caused by reionization feedback (see text for details). bottom panel: The blue dotted line is the average V rot -V h relation according to the hydrodynamical result. The dashed blue line takes additionally into account a possible incompleteness of the ALFALFA VF. The grey symbols represent our sample of galaxies with resolved HI rotation curves. Note that the datapoints are slightly shifted with respect to their positions in Fig.  6 , because a correction for the cosmic baryon fraction is not necessary when comparing against a hydrodynamical simulation.
abundance of halos are considered.
The discrepancy is still present (even though somewhat alleviated) if one additionally assumes a substantial incompleteness of the ALFALFA VF at low velocities: this is shown by the blue dashed line in the bottom panel of Fig. 9 . This latter V rot -V h relation has been obtained by considering the ALFALFA VF corrected for incompleteness according to Eqn. 10 (green dashed line in top panel of Fig. 9 ). Note that a relation similar to the one shown by the dashed blue line is also obtained when one considers instead the galactic VF measured by Klypin et al. (2014) AM (this work) simulated galaxies Fig. 10 . The blue solid line is the average V rot -V h relation in a ΛCDM universe (same as in Fig. 4) . The red triangles represent galaxies from a set of hydrodynamic simulations which include efficient baryonic feedback Brooks & Zolotov 2014; Christensen et al. 2014) . Simulated low-velocity galaxies fall in the same region of the V rot -V h diagram as the actual dwarfs plotted in Fig. 6 . This demonstrates that baryonic modifications of the galaxies' rotation curves do not affect significantly the simplified analysis performed in this work.
Baryonic effects on dwarf galaxy rotation curves?
Recent results from hydrodynamic simulations of galaxy formation have shown that repeated gas-blowout episodes, driven by bursty star-formation activity, can create a "cored" central DM profile in halos hosting dwarf galaxies , but see also Del Popolo et al. 2014 for a different mechanism based on dynamical friction). As already discussed in Sec. 4, Zolotov et al. (2012) argue that accounting for this effect is critical in the context of the satellite TBTF problem (see also Brooks & Zolotov 2014 ).
Here we try to assess whether baryonic modifications to the RC of low-mass halos can affect the main result of this work. To this end, we place on the V rot -V h diagram 28 galaxies produced in an ensemble of hydrodynamical simulations Brooks & Zolotov 2014; Christensen et al. 2014 ); these are shown as red symbols in Figure 10 . Note that the values of V rot and V h plotted here for the simulated objects have the same definition as for the AM analysis: V rot is measured directly from simulated edge-on HI profiles (as per Fig. 1) , and V h is the maximum circular velocity of the host halo in the DM-only version of the simulation. Figure 10 shows that low-velocity simulated galaxies share the same locus on the V rot -V h diagram as the observed dwarf galaxies plotted in Fig. 6 . This is a crucial point, because it shows that the simplified kinematic analysis performed in this article (based on NFW profiles motivated by DM-only simulations) agrees with the results of the hydrodynamic simulations (which include DM profile modification by baryonic feedback). In particular, simulated galaxies with V rot 25 km s −1 lie systematically to lower V h values than predicted by the AM relation; this placement suggests that the number density of galaxies in the hydrodynamical simulation will be higher than what measured by ALFALFA. This statement is true as long as the effects described in §4.1-4.3 are in the range explored in this work.
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Besides baryonic effects, several alternative DM models have been considered to provide solutions to the small scale challenges faced by ΛCDM. Perhaps the most well studied among them is the warm dark matter (WDM) model, characterized by a DM particle with mass in the ∼keV range. Such "light" particles (compared to m CDM ∼ 10 GeV − 1 TeV) result in a suppression of structure on spatial scales that are relevant for galaxy formation (e.g. Zavala et al. 2009; Menci et al. 2012 ). This property of WDM has been regarded as a natural way to resolve CDM overabundance issues. For example, several authors have argued that a WDM model with m WDM ≈ 1 keV could plausibly reproduce the flatness of the velocity function (e.g. Zavala et al. 2009; Zwaan et al. 2010; Papastergis et al. 2011) . In addition, a WDM model with m WDM = 1.5 − 2 keV could potentially provide a solution to the satellite TBTF problem (e.g. Lovell et al. 2012; Schneider et al. 2014) ; this is because MW-sized halos in WDM have fewer -and less dense-massive subhalos compared to CDM.
Here we assess whether WDM can also provide a solution to the field TBTF problem. Panel a of Figure 11 compares the cumulative HVF of CDM (blue solid line) with the corresponding distributions for three WDM models, with m WDM = 1, 2 & 4 keV (red, orange & yellow solid lines, respectively). The halo counts for the WDM models have been obtained from the simulations of Schneider et al. (2014) . The figure clearly shows that, as m WDM decreases, the number density of low-velocity halos becomes increasingly more suppressed with respect to CDM. The difference in the cumulative HVFs translates then into different inferred V rot -V h relations for each model; the latter are shown as colored solid lines in panels b-e of Fig. 11 (same color-coding as in panel a). At the same time, the typical concentration of halos in WDM models is lower than in CDM. In order to place galaxies on the V rot -V h diagram for each WDM model, we repeat the process illustrated in Fig. 5 using each time the appropriate median c-M vir relation (Schneider et al. 2012, Eqn. 39) . Generally, a given galactic RC can accommodate a progressively more massive host halo, as m WDM decreases.
Panel e shows that the AM relation predicted by the 1keV model seems to be fully consistent 6 with the upper limits derived from individual galaxies. The reason is that both WDM effects discussed above (suppression of the number of low-mass halos & lower halo concentrations) are very pronounced in this model. On the other hand, these same effects are much less prominent in the 2keV case, even though they are still clearly discernible. Panel d shows that low-velocity galaxies are not fully consistent with the predicted V rot -V h relation, even for a model with a particle mass as low as m WDM = 2keV. Nonetheless, the inconsistency is significantly alleviated in this case, and perhaps accounting for any of the uncertainties in §4.1-4.4 could be sufficient to fully resolve the tension.
Despite their promise, WDM models with particle masses in the range 1-2 keV are at odds with a number of independent constraints (at least when interpreted as thermal relics). For example, measurements of the small scale power of the Ly-α forest at high-z place a 2σ lower limit of m WDM > 3.3 keV (Viel et al. 2013 ). In addition, WDM models with m WDM < 2.3 keV are ruled out by the number of ultra-faint satellites observed around the MW (e.g. Polisensky & Ricotti 2011) . As panel c shows, WDM models that do not violate the constraints mentioned above are practically indistinguishable from CDM. For example, in the 4keV case galaxies with V rot 25 km s −1 are clearly incompatible with the predicted AM relation. We therefore conclude that it is unlikely that (thermal relic) WDM can provide a solution to the field TBTF problem, without violating other independent astrophysical constraints.
Summary
We measure the distribution of galactic rotational velocities in the nearby universe, using the dataset of the ALFALFA 21cm survey. Based on the measured velocity function (VF), we statistically connect galaxies with their host halos via the technique of abundance matching (AM). In a ΛCDM universe, linewidthderived rotational velocities (V rot,HI ) of dwarf galaxies are expected to underestimate the maximum rotational velocity of their host halos (V h,max (see Fig. 4 ). This trend reflects the fact that, at the low end, the halo velocity function (HVF) in ΛCDM rises much faster than the observed galactic VF (see Fig. 3 ).
We then compile an up-to-date literature sample of galaxies with HI rotation curves, to observationally test the predicted V rot -V h relation. Our sample contains a large number of extremely low-velocity dwarfs, mainly drawn from the FIGGS, SHIELD and LITTLE THINGS samples. For each galaxy we find the most massive NFW halo that is compatible with the last measured point (LMP) of the galactic rotation curve. Galaxies can then be placed on the V rot -V h diagram as upper limits in V h (see Fig. 5 ). As Figure 6 shows, the upper limits derived from individual galaxies are consistent with the average AM relation, for most of the range in galactic rotational velocities (30 km s −1 V rot 300 km s −1 ). Most importantly however, this is not the case for the lowest velocities probed: for example, at V rot,HI 25 km s −1 the HI rotation curves of galaxies cannot accommodate host halos as massive as predicted by ΛCDM. This work therefore confirms the similar results found previously for field galaxies by Ferrero et al. (2012) and for nonsatellite galaxies in the Local Group by Kirby et al. (2014 ) & Garrison-Kimmel et al. (2014 . At the same time, the analysis performed in this work addresses several caveats present in these previous studies (see Sec. 4) .
The discrepancy described above is directly analogous to the too big to fail problem (TBTF) faced by the bright satellites of the Milky Way, but here is observed for galaxies in the field. This finding has therefore important implications, because several of the proposed solutions to the satellite TBTF problem are not applicable in this case. For example, the galaxy population studied in this work mostly consists of gas-rich, fairly isolated objects, that have not been heavily affected by processes such as tidal stripping. As a result, potential solutions to the TBTF problem that rely on strong environmental effects (e.g. Zolotov et al. 2012) cannot explain the presence of a similar discrepancy in the field.
We furthermore consider a number of assumptions and sources of uncertainty that may impact the main conclusions of this work. These include, for example, observational uncertainties on the measurement of the VF and effects related to the bias of HI surveys against gas-poor galaxies. Perhaps the two most important among them, however, are baryonic modifications to the abundance of galaxy-hosting halos and to the velocity pro- Fig. 3 ). The red, orange and yellow solid lines correspond to WDM models with particle masses of 4keV, 2keV and 1keV, respectively (Schneider et al. 2014 ).
The dotted green line is the cumulative VF for galaxies of all morphological types (same as solid green line in Fig. 3) . panels b-e: The colored solid lines correspond to the V rot -V h relations in each dark matter model (same color coding as in panel a), inferred by AM. The grey datapoints represent our sample of literature galaxies with HI rotation curves. Note that the same galaxy can be assigned a different value of V h in each of the four panels, because each model has a different median mass-concentration relation (Schneider et al. 2012 ).
files of dwarf galaxies. We show that neither of these two baryonic effects seems to be able to resolve the reported discrepancy (see §4.3 & §4.4). However, it is still possible that combinations of several effects can provide a solution, as is also possible that the magnitude of some effects could be larger than what indicated by present theoretical models. Lastly, we check whether an alternative warm dark matter (WDM) model can provide a solution to the field TBTF problem. We find that the inconsistency is lifted in WDM models with particle masses of ≈1 keV. However, (thermal relic) particles with such light masses are in conflict with a number of independent observational constraints (see §4.5 for details).
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